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SANS polarization analysis Wlth nuclear— et al, 1993), the plastic crystal ,Cl, (Gerlachet al, 1982), and
heavy water (Doret al, 1976). The goal of the present experiment

. . 3
Spln-p0|arIZEd He was to extend this technique to the divergent beams encountered in
SANS using a’He analyzer and known scattering samples.
Measurements were taken on two samples: six layers of cellophane

Thomas R. Gentile’, Gordon L. Jones™, Alan K. tape, for which the scattering is dominated by the spin-incoherent

Thompson®, John Barker", Charles ). Glinka", Boualem scattering of hydrogen, and a silica gel, for which the scattering is
Hammouda® and Jeffrey W. Lynn® primarily coherent nuclear scattering. A known mix of coherent and

spin-incoherent cross sections was then achieved by placing both of
these samples at the sample position. As shown in Fig. 1, the key
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A neutron spin filter based on transmission through nuclear-spin- Spin Solenoid
polarized’He gas has been applied to polarization analysis of small Flipper

angle neutron scattering (SANS). Such spin filters, which are based

on the large spin ergndence of_ the ab_sorption of neutroﬁsgby glc%lgﬁa%ic diagram of the apparatus.

make SANS polarization analysis possible because of their large

angular acceptance. In the present experimeitedased analyzer o .

was employed to separate nuclear scattering into its coherent aﬁ)d)lar'zat'on analysis

spin-incoherent components. PolariZeé analyzers were prepared Polarization analysis makes it possible to extract the amounts of
by two different optical pumping methods and installed on the NGZoherent and incoherent scattering in a given sample. This capability
SANS instrument at the NIST Center for Neutron Research (NCNR)s rooted in the non-zero probability of a neutron spin-flip for spin-
Measurements were taken on cellophane tape and silica gel, fcoherent nuclear scattering in contrast with zero probability of a
which the scattering is almost completely incoherent and coherergpin-flip for coherent nuclear scattering. Hence we assume that the
respectively, and on a combined sample. For the combined samptefal scatteringN+, falls into two componentsN1, for which the
separation of the coherent part from the incoherent part wascattering has some known probability of spin-flip scattering

successfully demonstrated using polarization analysis. (incoherent), andN2> (where Nt = Ni + N2), for which the
scattering is completely non-spin-flip (coherent). This approach
Introduction yields results that can also be applied to the separation of magnetic

Polarization analysis is a powerful technique in neutron scatterinfOm nuclear scattering. The analysis sequence is to 1) correct the
experiments, since it has the capability to unambiguously distinguist#w data for an imperfect spin flipper, 2) correct for imperfections in
coherent nuclear scattering from spin-incoherent nuclear scatterintjle polarizer and analyzer so as to extract the amounts of non-spin-
or to identify magnetic (neutron-electron) scattering from nucleaflip and spin-flip scattering (labellednsr andNsr respectively), and
scattering (Mooret al, 1969). A standard technique for polarizing 3) determine the componerts andN,.

thermal neutrons, and for analyzing the polarization state of scattered |n the first step, data obtained with the spin flipper energized is

thermal neutrons, is to use magnetic Bragg reflection from a suitabig,rected for the imperfect flipping efficiency. The corrected number
crystal, while for longer wavelength neutrons a multilayer Of of counts when the spin flipper is energized is given by
supermirror can be employed (Williams, 1988). However, for small

angle neutron scattering (SANS) instruments the angular acceptance 1

of these devices is inadequate for the scattered beam, which can have Ny " :E[NO”_ (1-€) Ny | 1)

a divergence of 20°. The analyzers employed in the present work

rely on the large spin dependence of the transmission of neutrons b¥| .

*He. °He-based polarization analyzers are more practical for san@here Non andNoi refer to the number of neutrons detected (either

instruments because of their broad angular acceptance, which §&attered or transmitted) with the spin flipper on (energized) and off,

limited only by the solid angle subtended by tHe cell. For the respectively, ane is the fraction of neutrons actually flipped by the

relatively small diameter beams typically employed on SANSspin flipper. Raw data are corrected using Eq. (1) before use in the

instruments the complete pattern of scattered neutrons can be readilyalysis below.

analyzed. In addition, the glassle cell itself contributes little The second step is correcting for imperfection in the polarizer and

scattering, unlike mirror polarization devices. analyzer. The polarization of the beam incident on the sample is
The use of polarization analysis to separate coherent nuclegf,en byP=(N. — N.)/N, whereN. (N.) is the number of incident

scattering from spin-incoherent nuclear scattering has been applied Qutrons  with spin parallel (antiparallel) to th#e, and
a variety of materials (Gabrgs al, 1999), such as polymers (Gabrys '
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N=N.+N-. Similarly, the quality of théHe analyzer is described For the special case of spin-incoherent scattering for Nhe
by the analyzer transmission asymmet,, given by Az=

(T+ -T2)/(T++T-) , whereT+ (T-) is the transmission of tiEle
analyzer for neutron spin parallel (antiparallel) to thde
polarization. The analyzer flipping ratio, given By T+ /T—-, can N, =N; =2 Nge and No = N, =Nyg=—3 Ngg, whereN; and Nc

be obtained fromAausing the relationshif-=(1+ Aa)/(1- Aa). are the incoherent and coherent components of the total scattering,
We define the observed number of neutrons scattered by the sampéspectively. For a sample that exhibits multiple scattering, the value
for the incident neutron beam polarization parallel (antiparallel) taf p will deviate from#% , but can be calculated if the attenuation of
the *He polarization to b&l, (Na), and the observed asymmetry in the beam due to the spin-incoherent component of the scattering is

component,% of the scattering is non-spin-flip argl is spin-flip
(Moon et al, 1969; Williams, 1988). Henc® =%, which yields

the neutrons scattered by the sample, to be known. Based on the measured value of 0.833 +0.005 for the
transmission of the tape sample, we uged0.630 in our analysis.
Ny =N, Note that for tape, pure incoherent scattering is assumed for the
AT TN @ calculation of the value op.
P a

(Note that depending on the relative orientation of fhke Apparatus
polarization and the neutron polarization exiting the polarizer, eithe_ﬁ_he fincinles and apparatus for the polaridde analvzers that we
Npor Na is corrected using Eq. (1).) The number of neutrons princip pparatu polar yz W

scattered by the sample with no spin-flip is givenNysr and the employed are desc.rlbed elsewhere (Joeesl, 1999). Here we
. P . discuss only the salient features that are relevant to this experiment.
number scattered with a spin-flip is given hysg where

N=Nnsr+ Nsr. Np and Na are related tblnseand Nsg by Separate experiments were performed with. each of. tive
analyzers, one prepared by spin-exchange optical pumping and the
other by metastability-exchange optical pumping. Throughout this
paper we present the data obtained using the spin-exchange analyzer;
similar results were obtained with the metastability-exchange
analyzer. The analyzers were prepared using apparatus at the NCNR
and transported using a portable solenoid to the NG3 SANS
apparatus. As shown in Fig. 1, an end-compensated solenoid, 30 cm
diameter and 60 cm long, immersed the sample antHtheell in an
Solving forNnsr andNse yields axial holding field of 5 mT (50 G). The solenoid provided a uniform
magnetic field so that thi#le would not relax due to magnetic field
+ gradients. ThéHe polarization underwent a slow exponential decay
Nnse =Nt > (42) during the experiment due to relaxation on the cell walls, producing a
A : : . "
time-varying for Ag. The spin-exchange (metastability-exchange)
cell exhibited a relaxation time of 120 (16) hours. For the strong
Ngg = NTM , (4b) scatterers employed in this work the complete set of data for each
2Ag sample was acquired in one hour, hence an average valég foas
adequate for a given set of data.
where Ag= PA, is the overall analyzing power of the polarizer-  The value of\, is also dependent on the path length of any given
analyzer combination. Hendénsr and Nsr can be determined by gcattered neutron through the polariZeté gas, which in turn is
measuringAs andAo. By applying Eq. (3) to transmissiolN{sr  dependent on the cell geometry and the scattering angle. Because the

N, N_
Np == (NnseTe + NseT- )+ (NiseT- + NseT..) (3a)
and

N, N_
Na == (NnseT- + N ) =0 (NwseTe + Nor T ). (3b)

and

=N and Nse= 0 ) we find thatAo is given by spin-exchange method is most efficienfH pressures of a few bar
0 o or higher, spin-exchange cells must be constructed with rounded
A = (N.T,+NT)-(N.T+N.T.) _ Ny ~Na . ®) features for structural stability. For this work, the 5.6-cm ID spin-
(N,T, #+NT)+(N,T+N_T,) Ny +Ng exchange cell was a cylinder with rounded corners and an average

length of 1.4 cm, and was filled to a pressure of 3.5 bar. Because the
where Ny’ (Na) is the sample-out neutron transmission for thesample was immediately in front of this short cell the scattered
incident neutron beam polarization parallel (antiparallel) to’tte  neutron beam sampled only the central 2 cm of the cylinder, over
polarization. Small differences in the effective analyzing power ofyhich the path length is not expected to vary by more than 10%. For
the system for scattering as compared to transmission are discusggd metastability-exchange method hidHe pressures are not
further below. generally required, hence flat-windowed cells can be used. In this
The amount of scattering in the two groups can now bease, the path length for any given scattering angle deviates slightly
determined. If we assume that the probability of a spin-flip for(1.50 for 10°) from that of transmitted neutrons. In this work, the

neutrons in the componehl, is given by p, we find metastability-exchange cell was a long right circular cylinder, 4.4 cm
N :ﬁLF 6) ID and 10 cm long, and was filled with a mixture of 2&% and
! p 75%He at a total pressure of 2 bar (Joaeal, 1999).
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For the spin-exchange cell the valueAgf was 0.78 for the data
shown here. Although it is not necessary to knBwand A,
individually, we note that these values wére 0.88 andA,= 0.89
(F=17). For reference, the transmissions through’tfeeanalyzer 1000 ———————————T—————

wereT+ = 0.17 andl—= 0.01, and théHe polarization was 46%. If °°:b
the analyzer had instead been operated as a polarizer, it would haves g, L °% ]
produced 89% neutron polarization with 9% absolute transmission of ? “% = o
an incident unpolarized beam. é g o Coherent

The NG3 SANS apparatus is equipped with a supermirror 2 soor 9 & Incoherent ]
to polarize the well-collimated incident neutron beam perpendicular o s uuu
to the beam direction. A precession coil spin-flipper is located after % 400 - “% 1
the polarizer to invert this polarization when desired. The magnitude ) %
of the neutron polarization was preserved in an adiabatic rotation :;; 200 F i

from vertical to axial at the entrance to thie analyzer. An average a
neutron wavelength of 0.80 nm (8.0 A) was employed, with
wavelength spread of 15% full width at half-maximum. Each
analyzer cell was located at the center of the solenoid, about 1 cm
behind the sample. The 64 cm by 64 cm NG3 detector was located at

the closest possible position, 1.88 m from the sample. Figure3 - i
The spin fipper effciency was determined (0 & 0.96 using a (012 Caertng o i sies same (ed sauares), and fr he cohciet
second supermirror to analyze the beam, but we are not confident gilarization analysis.

this value for two reasons: 1) this measurement was not done until

several months after the experiment, and 2) extracimgquires Results and Discussion

more knowledge of the second supermirror than is presentlE.

available. Sinceis expected to be 0.99 for the wavelength spread o igs. 2 and 3 show the azmuthally-averaged results f.or.the total
i : ackground-corrected scattering and the coherent and spin-incoherent
15% (Hayter, 1978), we used an intermediate value=00.98, and

’ ) components determined from the analysis described in Sec. 2. The
estimate the uncertainty to be 0.02. tape data are clearly dominated by spin-incoherent scattering, whose
intensity should be&) ndependent until the scattering drops behind
the beam stop at smdll. The silica data, on the other hand, show
almost all coherent scattering. The rise in the coherent scattering for
the tape sample at lo® is not fully understood, but may be due to
scattering from the aluminum sample holder. The error bars reflect

Q [nm’]

o ——— the uncertainty due to counting statistics.
i ] Scattering from the combined sample should reveal a small
# = Total 1 component of incoherent scattering equal to that observed for the
30 o Coherent g tape sample. More precisely, the extracted components for the
I % & Incoherent ] combined sample should correspond to the transmission-weighted

sum of the extracted components for the individual silica and tape
samples. We defineNg, NCS, N?T to be the extracted coherent

1 components for the tape, silica, and combined samples, respectively,
b and N|T , le, le*T to be the extracted spin-incoherent components.

In Fig. 4 we compareN|S+T to N|TT5+N|ST, and N?T to

Average counts per detector pixel

NIT + NCSTT, whereTt = 0.833 £ 0.005 and@ls= 0.885 + 0.006 are

the transmission values for the tape and silica samples, respectively.
Q ] Because of the large scattering from the silica sample, Fig. 4 is an
expanded plot that highlights the extracted incoherent scattering,

Figure 2 PRI . :
Total scattering from the tape sample (filled squares), and the coherent (op\évrbICh is in reasonably good agreement with the weighted sums. The

circle_s) _and spin-_incoherent (open triangles) scattering determined frofaffect of uncertainties in the measured valuef\fand e affects
polarization analysis. . .
both the extracted incoherent component for the combined sample
and the summed incoherent data in the same way, with the maximum
effect occurring at the lowe§t values (e.g. £15% & = 0.3).
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have separated coherent scattering from spin-incoherent scattering in
a combined sample of cellophane tape and silica. The success of this
experiment opens up the possibility of separating magnetic from
nuclear scattering in SANS experiments, which will be of great utility
in the study of magnetic materials. The need to cool and/or apply a
ncoherent strong magnetic field to the samples for such experiments will
Sum (coherent) introduce two additional technical issues in the application of neutron
Sum (incoherent) 1 spin filters. First, the analyzer cell will need to be separated from the
1 sample by larger distances, which will require larger dianfeter
cells. We are developing larger cells for both optical pumping
methods, and in a recent SANS experiment we successfully
employed a 9.5-cm ID metastability-exchange cell with 3%
polarization and a relaxation time of 32 h. Second, the analyzer
solenoid will need to be shielded from the applied magnetic field
(Heil et al, 1999). We will be developing shield#de analyzers for
such applications.

40 e
I Total
Coherent

-]
p=

30 |

> e > o n

Average counts per detector pixel

0 0.5 1 1.5 2
Q[nm’] This work is supported in part by the U.S. Dept. of Energy (Grant

. No. DE-FG02-96ER45587). This material is based upon activities
Figure 4

Total scattering from the combined (silica+tape) sample (filled squares), an%upported by the National Science Foundation under Agreement No.
the coherent (open circles) and spin-incoherent (open triangles) scatterilMR-9423101. We thank Jeff Anderson and Jack Fuller for all of
determined from polarization analysis. For comparison, the transmissioheijr excellent glass work, which was critical to these experiments.
weighted sums of the coherent and incoherent components for the individual

silica and tape samples are shown by filled circles and filled triangles,
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